High strength low alloy (HSLA) 
Introduction
High strength low alloy ͑HSLA͒ steels are a group of low carbon steels designed to provide special combination of properties such as strength, toughness, formability, weldability, and corrosion resistance ͓1͔. These steels contain small amounts of alloying elements to attain high initial yield strength by strengthening the ferrite, promoting precipitation hardenability, and by helping to control grain size. HSLA steels are used in a wide variety of applications such as structural components of vehicles, pressure vessels, line pipes, etc. Understanding the cyclic deformation behavior of HSLA steels is of technological importance, since many of the structural applications are subjected to cyclic loading during their service lives. The fatigue life is strongly linked to the cyclic stress or strain state in a critical region. A number of investigations on the mechanical response and fracture behavior of HSLA steels have been carried out in the past thirty years and have been discussed by Suresh in ͓2͔. Various experimental studies on this issue have been reported in ͓3-6͔. Observations of fatigue life have been linked to physical phenomena like elevated cyclic stress amplitudes, which can lead to microyielding and causing persistent slip bands. These are known microcrack initiation sites in many alloys. Significant efforts have been also made in the modeling of the fatigue behavior of HSLA steels. Chung et al. have studied the low-cycle fatigue behavior in HSLA steel at plastic strain amplitudes ranging from 1ϫ10
Ϫ5 to 1ϫ10 Ϫ2 in ͓7͔. They found that microcracks are initiated along slip lines in both air and vacuum. Many phenomenological models have been proposed to model cyclic deformation and fatigue ͓1-9͔. These models however lack the explanation of physically observed phenomena, such as single slip at low plastic strain amplitudes or the hysteresis memory ͓10͔. In metallic materials, significant variations in stress histories may be experienced by crystals in the polycrystalline aggregate, even when they are subjected to a macroscopically uniform cyclic loading history ͓11͔. Some of the newly developed crystal plasticity models ͓10-16͔ are able to include many physical elements and can help in the understanding of cyclic plasticity phenomena. During cyclic loading, the state of microscale stress in a metallic material with a polycrystalline microstructure depends on the orientation of the grain with respect to the loading directions as well as with respect to the orientations of its neighbors, the material crystal properties and other factors. Studies with numerical calculations ͓11͔ have shown that depending on the loading conditions, significant stress gradients and plastic strain can arise within the polycrystalline aggregate associated with a continuum point, and even within a single grain. This paper invokes a combination of experiments and finite element based simulations to develop a physically based crystal plasticity model for prediction of the cyclic deformation behavior of HSLA-50 steels. It involves microstructural characterization and incorporation of crystallographic orientation distribution to models, based on accurate microstructural data obtained by orientation imaging microscopy. Mechanical testing is performed under uniaxial testing as well as for stress and strain controlled cyclic loading. Material response, including cyclic hardening or softening, mean stress relaxation, cyclic creep deformation and rate dependence, depends on the control modes. The crystal plasticity model for bcc materials uses a thermally activated energy theory for plastic flow, self and latent hardening, kinematic hardening, as well as yield point phenomena. A genetic algorithm based minimization process is used to calibrate crystal plasticity parameters from experimental data. The computational model is validated with experiments on stress and strain controlled cyclic loading. Finally, the effect of grain orientation distributions and overall loading conditions on the evolution of microstructural stresses and strains are investigated. steel or HSLA-50 grade with 50 ksi minimum yield strength. Specimens are extracted from 1.57 mm thick plates of cold-rolled and strain aged HSLA, provided by ISPAT-Inland Steel. The nominal composition of this steel is given in Table 1 and a SEM micrograph of the microstructure is shown in Fig. 1(a) . The major phase in this material, as observed from the micrograph, is equiaxed grains of ferrite with bcc crystallographic structure. While small traces ͑less than 5% by volume͒ of various sulfides and carbides are present along the ferrite grain boundaries, the pearlite concentration is insignificant. The grain size distribution depicted in Fig. 1(b) indicates a range from 3 m to 30 m, with an average size of 10 m.
Crystallographic Orientations.
The crystallographic texture, representing the orientation distribution of all crystallites, is measured by orientation imaging microscopy ͑OIM͒, involving electron back-scattered diffraction ͑EBSD͒ in scanning electron microscopy. According to Bunge's convention ͓17͔ of orientation measurement, the grain orientation g is identified by the Euler angle set ( 1 ,⌽, 2 ). The orientation distribution function ͑ODF͒ is a function of the Euler angle set ͓17͔ f (g)ϭ (⌬N/N)/⌬g , where N is the total number of crystallites in the domain analyzed, ⌬N is the number of additional crystallites which possess orientation between the sets g and gϩ⌬g. Figure 2 (a) is a threedimensional surface plot of the ODF's f (g) drawn within a bounding box of the 3D Euler angle space. The isosurfaces represent a range from 50% ( f (g)ϭ1.92) to 100% ( f (g)ϭ3.83) of the maximum value of the ODF data. Isosurfaces of higher values are enveloped within those of lower values of ODF. This can be observed from the intersection with the plane 1 ϭ0, where the highest value region is near the middle. Figure 2(b) shows skeleton lines of typical textures and points of ideal orientations for bcc steels. It can be seen that the most important orientation fibers of HSLA-50 steel are the ␣-fiber with ͗110͘ parallel to rolling direction ͑RD͒ and the ␥-fiber with ͗111͘ parallel to normal direction ͑ND͒. If local orientations are divided into 20°intervals, four orientation components with large volume fractions are found. They are ͕112͖͗110͘, ͕001͖͗110͘, ͕111͖͗112͘, and ͕111͖͗110͘. The first two components belong to the ␣-fiber while the last two components belong to the ␥-fiber.
Mechanical Properties.
Engineering design for many load-bearing components, especially with cyclic loading for fatigue analysis, assumes peak macroscopic stresses in the elastic Transactions of the ASME range. However, when the microstructure is considered, the crystal structure, orientation and material anisotropy can cause the local stresses to exceed the elastic limit. Therefore, a proper constitutive model that can describe the yield-point phenomena as well as the subsequent cyclic plasticity behavior is essential for accurate analysis. The mechanical properties of the strain aged HSLA-50 steel are tested in the as-received state. All specimens are cut in the rolling direction ͑RD͒. Three types of room temperature experiments are performed for mechanical property evaluation, namely ͑i͒ uniaxial tension at different strain rates, ͑ii͒ strain-controlled cyclic tests, and ͑iii͒ stress-controlled cyclic loading tests.
Uniaxial Tension.
Uniaxial tests are conducted following ASTM E8 standard methods of tension testing for metallic materials ͓18͔. The stress-strain plots at four different strain rates, viz., ϭ0.1 s Ϫ1 , 0.01 s Ϫ1 , 0.001 s Ϫ1 , and 0.0001 s Ϫ1 , are depicted in Fig. 3 . HSLA steels, like many bcc metals, exhibit a significant yield point phenomena in the stress-strain behavior. The yield plateau ͑called Lüders strain͒ is observed in these plots, resulting from the formation and propagation of Lüders-bands as explained in ͓18 -20͔. The experiments show a sharp yield point followed by an abrupt drop in the yield stress to a plateau for fully annealed HSLA steels that are not tempered or tension-leveled. The Lüders strain L ͑see Fig. 3͒ has been reported to increase with increasing strain rates for mild steels in ͓19͔. However, the experiments in the present study did not reveal significant rate dependence of the Lüders strain within the range from 0.1 s Ϫ1 to 0.0001 s Ϫ1 . The hardening description of the stress-strain curve of HSLA-50 steel can be divided into three phases, viz. ͑a͒ a region of rapid hardening with saturation from the initial yield point to the end of the yield plateau; ͑b͒ a region of increasing slope after the yield plateau; and ͑c͒ a region of decreasing slope caused by saturation of plastic hardening.
Strain and Stress Controlled Cyclic
Tests. Strain controlled cyclic tests are more common for low cycle fatigue analysis, especially in the ground vehicle industry. On the other hand, the stress-controlled mode is mostly used in structures for high cycle fatigue design. A significant difficulty arises in cyclic tension-compression testing of sheet materials due to buckling in the compression phase. Various efforts have been made to avoid this problem, e.g., involving small gage length and incorporating Woods metal grip for better alignment with reduced eccentricity ͓20͔. Yoshida ͓19,21͔ has increased the specimen thickness by bonding two or more plates with adhesives, and has used a special specimen holder for in-plane cyclic tests of sheet metals. In the present study, a special device designed by Wagoner et al. ͓22͔, as shown in Fig. 4 , is used. The dimensions of the specimen and device are: ā ϭ0.6 in., b ϭ1.45 in., c ϭ2.0 in., lϭ8.0 in., t ϭ0.062 in. In this device, two hydraulic pressure driven holders provide the clamping force on the surfaces of the specimen to prevent it from bucking. Teflon sheets are inserted at the interface between the holder and specimen to reduce the friction. The combined action of applied tension-compression, lateral pressure and interfacial friction force, produces a predominantly biaxial state of stress ( 11 , 22 ) in the material, even though the pressure is small. Equivalent stress-strain plots are therefore generated from the stress states to simulate the uniaxial tension/compression response. Details of this process in provided in ͓23͔. The first set of tests conducted is strain-controlled cyclic loading, having triangular waveforms with peak strains of 0.0045 and 0.015, respectively, at a constant strain rate of 5.8ϫ10 Ϫ4 s Ϫ1 . The corresponding stress-strain responses for five cycles are illustrated in Figs. 5(a) and (b). Cyclic hardening, manifested by an increase in the stress amplitude with cyclic straining, is evident in the first few cycles for the case with a peak strain of 0.015, as shown in Fig. 5(b) . No cyclic hardening is observed for the case with a smaller peak strain. This observation is consistent with strain-range dependent cyclic hardening behavior, which has been discussed and modeled with anisotropic hardening in ͓19,24͔. The Bauschinger effect can be attributed to the short-range interactions between dislocations, interstitials, precipitates and other barriers, as well as the longrange interaction among individual grains. This is also observed even in the small cyclic strain ranges. Finally, a stress-controlled cyclic test is conducted with a servo-hydraulic test machine. The load is characterized by a triangular waveform with an applied stress rate of ϭ46.5 (MPa/s), peak stress amplitude max ϭ380.0 (MPa), and R-ratio is min / max ϭϪ0.7. In the case of fully-reversed strain-controlled tests, the stresses increase initially with each cycle until a stable state is achieved. The occurrence of plastic deformation causes mean stress relaxation, which takes place in the early stage of life. Therefore the fatigue life is not appreciably affected by the introduction of a mean strain. For fully-reversed stress-controlled tests with rate dependent materials, the cyclic plastic strain or ratcheting strain increases with the number of cycles until a stable response called shakedown is achieved. In addition to microstructural characteristics, fatigue life for stress-controlled tests depend on many factors like mean stress, stress amplitude, frequency, and loading history.
3 Material Description and Model 3.1 Constitutive Relations. The material studied is a HSLA steel which has a body centered cubic or bcc crystal structure. The bcc crystals consist of 48 possible slip systems including ͕110͖͗111͘, ͕112͖͗111͘ and ͕123͖͗111͘ along which crystallographic slip can occur. The different slip systems cause HSLA steels to exhibit strong anisotropic behavior both in elasticity and in plasticity. For elasticity, a cubic response with three independent elastic constants (C 11 ,C 12 ,C 44 ) is assumed for modeling the anisotropy. Plastic deformation occurs by crystallographic slip on the different slip systems. The deformation behavior of HSLA steel is modeled using a rate and temperature-dependent, elasticplastic, finite strain, crystal plasticity formulation following the work of Anand et al. ͓25,26͔. In this model, crystal deformation results from a combination of the elastic stretching and rotation of the crystal lattice and plastic slip on the different slip systems. The stress-strain relation is written in terms of the second PiolaKirchoff stress (Sϭdet F e F eϪ1 F eϪT ) and the work conjugate Lagrange Green strain tensor (E e ϵ(1/2)͕F eT F e ϪI͖) as
where C is a fourth order anisotropic elasticity tensor, is the Cauchy stress tensor, and F e is an elastic deformation gradient defined by the relation
F and F p are the deformation gradient and its plastic component respectively with the incompressibility constraint det F p ϭ1. The flow rule governing evolution of plastic deformation is expressed in terms of the plastic velocity gradient as
where the Schmidt tensor is expressed as s 0 ␣ ϵm 0 ␣ n 0 ␣ in terms of the slip direction (m 0 ␣ ) and slip plane normal (n 0 ␣ ) in the reference configuration, associated with ␣th slip system. For the plastic shearing rate ␥ ␣ on the slip system ␣, a number of crystalline plasticity models are based on a power law description ͓27,28͔. This power law model is restricted to the high temperature range ͓29͔, and does not explicitly account for the rate and temperature sensitivity of plastic flow in crystalline materials under dynamic loading conditions and/or low homologous temperatures. Alternatively, a thermally activated theory of plastic law, postulated by Frost and Ashby ͓29͔, Kocks et al. ͓30͔, has been proven to accurately model a large range of strain rates and temperatures for bcc tantalum by Kothari and Anand ͓26͔. In this law, the plastic shearing rate on a slip system ␣ is written as
where ␥ * ␣ is a reference strain rate. The effective shear stress
is the driving force for the dislocation motion on the slip system ␣, and is measured in terms of the resolved shear stress ␣ . The temperature dependent critical slip resistance s ␣ (Ͼ0), is assumed to be comprised of a part due to thermally activatable obstacles to slip s * ␣ and a part due to the athermal obstacles to slip s a ␣ , i.e., s ␣ ϭs * ␣ ϩs a ␣ . The resistance to thermal obstacles for bcc metals is governed by interactions with Peierls resistance that increases with reduction in temperature. In Eq. ͑4͒, ⌬F is the activation free energy, which is required to overcome the obstacles to slip without the aid of an applied shear stress, k B is the Boltzmann's constant, k B ϭ1.3807ϫ10 the absolute temperature; and P and Q are constant exponents. All the simulations in this work are carried out at room temperature, ϳ300 K. In ͓26͔, the reference strain rate ␥ * ␣ has been taken to be a constant for all slip systems, with values in the range ␥ 0 Ϸ10 6 -10 7 ts Ϫ1 . In reality, the mobile dislocation density, which contributes to ␥ * ␣ is a function of the applied stress, plastic deformation and temperature ͓30͔. Consequently, the yield point phenomena as seen in the experimental plots of Fig. 3 , which is due to rapid dislocation multiplication, cannot be captured with a constant ␥ * ␣ . Following ͓19͔, ␥ * ␣ is expressed as a function of plastic strain as
where p is the equivalent plastic strain defined as p ϭͱ 2 3 i j p i j p , and the Lagrangian plastic strain is defined as i j
assumes that ␥ * ␣ is the same for all slip systems initially and has a value ␥ ini Ϸ10-10 2 s Ϫ1 . It increases rapidly with plastic strain and approaches ␥ 0 ␣ in the asymptotic limit. K and l p are material constants in this equation. The ability of the model to predict yield point phenomena under uniaxial tension is illustrated in Fig. 6 , for three cases:
Ϫ3 , ␥ ini ϭ1.0ϫ10 2 ; and ͑C3͒ ␥ * ϭ␥ 0 . The stressstrain plot for ͑C1͒ shows a sharp yield point followed by the abrupt drop and the subsequent yield plateau, representing a fully annealed steel without any tempering. The curve for ͑C2͒ shows the yield plateau for the strain aged steel, whereas the plot for ͑C3͒ shows an unchanged value of ␥ * ␣ . Evolution of the critical resolved slip resistance is assumed for the post-Lüders band propagation stage as
where L p is the Lüder's strain. It should be noted that for cyclic loading, the yield point phenomena can occur only once for p у L p at initial yielding. The hardening law of equation will be activated in the following cycles.
For pure bcc crystals, the athermal part of the slip resistance s * ␣ is assumed to be constant, since it is controlled by the interactions with the Peierls lattice resistance ͓25͔. Hence, following the description in ͓25,26͔
where h ␣␤ is a deformation dependent rate of change of the deformation resistance on slip system ␣ due to shearing on slip system ␤ and describes both self and latent hardening of the slip systems. The parameter h ␤ denotes the self-hardening rate describing both hardening and softening, q is a latent-hardening parameter chosen to be 1.4, h 0 ␤ is the initial hardening rate, s s ␤ is the saturation value of reference shear stress, and r is a constant exponent. The use of absolute value of ͉␥ ␤ ͉ in the hardening equation is due to the fact that hardening is not affected by the direction of shearing on slip systems. The variables s * ␣ and s s ␤ are taken to be the same for all slip systems.
Kinematic hardening plays an important role in cyclic plasticity, strain localization and plastic strain ratcheting under cycling loading. In an attempt to include this feature in the flow rule of Eq. ͑4͒, the effective resolved stress eff ␣ on the slip system ␣is modified as:
where kin ␣ is the resolved backstress or the projection of the back stress tensor kin on the slip system ␣, expressed as
The vectors m ␣ (ϭF e m 0 ␣ ) and n ␣ (ϭF eϪT n 0 ␣ ) represent the slip direction and the normal to the slip plane, both of which evolve with deformation. As discussed in ͓31͔, the back stress tensor is expressed in terms of scalar kinematic variables ⍀ ␣ as
where the components of ⍀ ␣ evolve due to the short-range dislocation interactions, in accordance with the equation given in ͓12͔ as
In Eq. ͑11͒, c and d are the direct hardening and dynamic recovery coefficients, respectively. Equation ͑10͒ takes into account the effect of back stress evolution of one system on all the other systems.
Implementation in UMAT of the ABAQUS Standard.
The time integration and incremental update routine proposed in ͓25,26͔ and developed in ͓16͔ is incorporated in the user subroutine UMAT of the ABAQUS finite element code. Known deformation variables like the deformation gradient F(t), the plastic deformation gradient F p (t), the backstress kin ␣ , and the slip system deformation resistance s ␣ (t) at time t, and the deformation gradient F(tϩ⌬t) at tϩ⌬t are passed to the material update routine in UMAT. The integration algorithm in the UMAT subroutine updates stresses, plastic strains, and all slip system internal variables to the end of the time step at tϩ⌬t. An implicit time integration scheme is implemented for integrating the rate dependent crystal plasticity Eqs. ͑1-11͒. Various effective implicit schemes have been proposed in literature, e.g., by Anand et al. ͓25,26͔, Cuitino, Ortiz et al. ͓32͔ using the backward Euler time integration methods. These algorithms are based on the solution of a set of nonlinear algebraic equations in the time interval tррt ϩ⌬t using Newton-Raphson or quasi-Newton solvers. The integration algorithm proposed in ͓25͔ and implemented in the user subroutine UMAT of ABAQUS in ͓33͔ is adopted in this paper. Known deformation variables like the deformation gradient F(t), the plastic deformation gradient F p (t), the backstress kin ␣ (t), and the slip system deformation resistance ṡ ␣ (t) at time t, and the deformation gradient F(tϩ⌬t) at tϩ⌬t are passed to the material update routine in UMAT. The integration algorithm in the UMAT subroutine updates stresses, plastic strains and all slip system internal variables to the end of the time step at tϩ⌬t. The second Piola-Kirchoff stress is first evaluated in this algorithm by solving the following set of nonlinear equations iteratively,
where A(tϩ⌬t)ϭF
(t) and ⌬␥ ␣ is the increment of plastic shear on the slip plane ␣. The solution is executed using a two-step algorithm, in which the stress S(t ϩ⌬t), the slip system resistance s ␣ (tϩ⌬t), and the backstress kin ␣ (tϩ⌬t) are each updated iteratively, holding the other unchanged during each iterative cycle. After convergence of the nonlinear equation is achieved, the plastic deformation gradient and the Cauchy stress in each integration point of the element are computed using equations
These are then passed on to the ABAQUS main program for equilibrium calculations. In addition, the Jacobian or tangent stiffness matrix given as W i jkl ϭ‫ץ‬ i j ‫ץ/‬ kl is computed in UMAT as well, to be returned to the main program in returned to ABAQUS.
Orientation Assignment to the Finite Element Mesh.
Each grain in the polycrystalline aggregate of HSLA-50 steel is considered to be an element in the finite element model. It is important to assign appropriate crystallographic orientation to the elements prior to FE simulation since deformation response is observed to be highly sensitive to the overall texture. For physically meaningful simulations, crystallographic orientations that are statistically equivalent to those obtained from orientation imaging microscopy ͑OIM͒ techniques are assigned to the FE model. The orientation probability assignment method discussed in ͓34͔ in conjunction with experimental pole figures, by x-ray diffraction analysis, is used for this purpose. In this method, crystallographic orientations, represented by Euler angles, are first generated from transformed pole figures, in which points in discretized regions of the projected plane are extracted from contour plots of the pole figures in x-ray diffraction analysis. This process generally produces a large number of Euler angles that are considerably in excess of the assignable orientations to the finite element model. Consequently, statistically equivalent orientations with similar probability density distributions f (g) of the crystallographic orientations are assigned to the finite element mesh. The steps in this process are: i. A Euler angle space in an orthorhombic system ͓35͔, is one in which the 3 coordinate axes are represented by 3 Euler angles ( 1 ,⌽, 2 ;0р 1 р360 deg,0р⌽р90 deg,0р 2
ii. From the definition of probability density function, f (g)⌬gϭ ⌬V g /V is the probability of observing an orientation G in the interval gрGрgϩ⌬g, where ⌬V g is the volume of crystals with the orientation between g and g ϩ⌬g and V is the total volume of all grains. Let N (i) be the number of points in the ith orientation space element ranging from ( 1 ,⌽, 2 ) to ( 1 ϩ⌬ 1 ,⌽ϩ⌬⌽, 2 ϩ⌬ 2 ) and N the total number of the orientation points in the reduced Euler space. Then, volume fraction of orientation can be written as ͓17͔:
iii. A orientation probability factor ( P i ) for each orientation space element is obtained as
(18) where K corresponds to a number that is equal to or larger than the number of orientations to be assigned to the finite element mesh. The complete set of statistically equivalent orientations is then given as
where P is equal to or larger than the number of grains in the finite element model. iv. Q (р P) sets of Euler angles are randomly selected from the orientation population P and are assigned to the integration points of different grains in the computational model. The model with this assigned orientation, represents a statistically equivalent polycrystalline aggregate. Experimentally measured pole figures are compared with and numerically assigned orientations in Figs. 7(a) and (b). All textures are adequately represented in the simulated model.
Determination of Material Parameters From Experiments
Systematically calibrated material parameters from experimental results are critical to a meaningful simulation of deformation processes of crystalline materials. Such calibration is a nontrivial effort due to the complexity of the model, as well as the number of parameters involved. Important material parameters include anisotropic elastic constants and crystal plasticity parameters for individual slip systems in each crystal. Together with the description of slip system orientations, geometry and loading conditions, these parameters define inputs to the computational model for deformation analysis, consistent with experiments. The material parameters include ͑a͒ the set X el ϭ͓C 11 ,C 12 ,C 44 ͔ of three anisotropic elastic stiffness components, ͑b͒ the set X flow ϭ͓␥ 0 ,⌬F, P,Q,s * ,s a0 ͔ of flow related parameters, ͑c͒ the set X yield ϭ͓K,l p ,␥ ini ͔ in the reference strain equations involving dislocation evolution, ͑d͒ the set X sl ϭ͓h 0 ,s s ,r͔ in the self and latent hardening equations, and ͑e͒ the set X kin ϭ͓c,d͔ in nonlinear kinematic hardening equation. The calibration process entails solving a least-square minimization problem aimed at minimizing the difference between the experimental and simulated values of the stress-strain response. The corresponding problem is stated in terms of an objective or fitness function as:
wrt X el ,X flow ,X sl ,X yield ,X kin (20) where M is the number of experimental curves and N is the number of the data points for each experiment. In the calibration pro-cess, the crystal plasticity parameters for all slip systems are assumed to be the same. The simulation of uniaxial and cyclic tests are performed using ABAQUS standard, with a total of 1728 C3D8 elements in a 12ϫ12ϫ12 array. In the polycrystalline model, each element represents a single grain, for which orientations are assigned from OIM data following steps in Sec. 3.3. For uniaxial tension and strain-controlled cyclic tests, a uniform vertical velocity ͑along rolling direction͒ corresponding to the experimental strain rate is applied to the top layer of nodes. The bottom face is constrained to a zero vertical velocity. All the side faces of the cube are kept traction free. For stress-controlled cyclic tests, a uniform vertical tension is prescribed on the top surface. For the uniaxial tension test, M and N in Eq. ͑20͒ are 4 ͑corresponding to four strain rates͒ and 24 respectively, while the same are 1 and 8 for the cyclic test. The genetic algorithm ͑GA͒ technique of discrete function minimization ͓36͔, is implemented for determining the material parameters. A flow chart of the GA based calibration procedure is given in Fig. 8 . GA search techniques, which are based on mechanisms of natural selection and natural genetics, start with an initial set of random solutions called populations. Each individual in the population represents a solution to the problem. Each discrete design parameter, corresponding to the sets X, is coded into a binary equivalent string of 0's and 1's and is called a chromosome. The length of the strings or the number of bits that constitute a string depends on the range and resolution with which the design parameter is being represented. A multiparameter binary code is constructed by partitioning each string into a number of compartments equal to the number of parameters being calibrated. After generating chromosomes, the values of the chosen objective function corresponding to the chromosomes are obtained through the analysis module. Each string is next assigned a weight between 0 and 1, which is referred to as its fitness coefficient and is proportional to the magnitude of its objective function. During each generation the chromosomes are evaluated for their fitness and new chromosomes are then generated using 3 genetic operators: ͑1͒ Reproduction; ͑2͒ Crossover; and ͑3͒ Mutation ͓36͔. During each generation the chromosomes are evaluated for their fitness. The two most commonly used genetic operators are crossover and mutation. The procedure is repeated with fitness The elastic modules X el ϭ͓C 11 ,C 12 ,C 44 ͔, flow parameters X flow ϭ͓␥ 0 ,⌬F, P,Q,s * ,s a0 ͔ and dislocation multiplication parameters X yield ϭ͓K,l p ,␥ ini ͔ are determined from the results of the uniaxial tests. For bcc metals, the stiffness component C 44 is approximately Ϸ, the shear modulus. The flow parameters, some of which lie in the ranges: 1.0ϫ10 6 р␥ 0 р5.0ϫ10 7 , 0.05 р ⌬F/b р2.0, 0р Pр1, and 1рQр2, are evaluated from the strain-rate sensitivity of the initial yield strength, 0 . Twenty simulations are done for each generation while the population size is taken to be 5. Figure 9 (a) shows the GA convergence rate for minimization of a chosen fitness function with the number of generations. Flow and hardening parameters obtained by this calibration process are listed in Table 2 . Excellent match is obtained between the experimental and simulated yield strengths at different strain rates using the calibrated parameters, as shown in Fig. 9  (b) . Furthermore, the simulated stress-strain response for uniaxial tension agrees very well with the experimental response, as shown in Fig. 10(a) . Finally, the calibrated values of the kinematic hardening parameters X kin ϭ͓c,d͔ from the stress-controlled cyclic test results are given in Table 2 . The corresponding comparison of the stress-strain response under cyclic tensioncompression loading is shown in Fig. 10(b) .
Cyclic plasticity simulations with explicit consideration of slip system evolution through crystal plasticity, are found to yield more accurate results, e.g., with respect to plastic ratcheting, in comparison with results using continuum plasticity models with Armstrong-Frederick kinematic hardening law. These phenomenological models ͓9,37-39͔ project averaged material behavior, and are known to overpredict ratcheting. The main reason for such deficiency is that the phenomenological models cannot accurately represent the evolution of slip system variables like back stress, which evolve independently in each slip system depending on the state of evolving variables such as orientation and plastic strain.
These individual slip system variables have a strong effect on global variables like overall plastic strain. Averaged continuum models with limited variables are unable to represent this effect. Crystal plasticity modeling has a significant advantage with respect to accurate representation of experimentally observed phenomena such as Bauschinger effect and cyclic hardening/ softening, as shown in ͓10,12-14͔.
Simulation of Deformation in Cyclic Loading of HSLA-50 Steel
The model for polycrystalline plasticity for HSLA-50 steel is now used to simulate the macro and microscale stress and strain responses under cyclic loading conditions. First, the plasticity model for polycrystalline materials is verified by comparing the results of the simulations with experiments for strain-controlled and stress-controlled cyclic loading tests. Subsequently, the effect of grain orientation distributions and overall loading conditions on the evolution of microstructural stresses and strains are investigated. The domain modeled is a unit cube that is discretized into a mesh 1728 eight noded brick elements ͑C3D8͒ in ABAQUSStandard. The mesh is tested for convergence with a more refined mesh. The FE model of the polycrystalline aggregate, consisting of 1728 elements, is assigned a total of 525 crystallographic orientations. The model texture that is assigned using the orientation assignment method discussed in Sec. 3.3, is statistically equivalent to orientation distribution of 11893 OIM data points as shown in Fig. 7 . In addition, for the investigations on the texture effects, special orientation distributions are assigned to simulate specific textures with the model. The calibrated elasticity and crystal plasticity material parameters for individual crystals of Sec. 4 are used in these simulations. To emulate experimental conditions, the model applies no symmetry constraints, but only the necessary constraints for suppressing rigid body motion. Velocity and uni- form stress boundary conditions are applied to the top surface corresponding to strain and stress controlled loading, as described in Sec. 4.
Strain Controlled Cyclic Loading Tests.
The two strain-controlled cyclic loading tests discussed in Sec. 2 are simulated in this task. The loading is applied in the form of a velocity corresponding to a strain rate of ϭϮ5.8ϫ10 Ϫ4 s Ϫ1 , in which the strain follows a triangular waveform. The two cases considered correspond to peak strains max ϭ0.0045 and max ϭ0.015 respectively. The average stress-strain response in the direction of the applied velocity is plotted and compared with experiments in Figs. 5(a) and (b) . The average stress in the vertical direction (X 2 ) is calculated as,
where 22 is the Cauchy stress and the true plastic strain at each element integration point and J is the determinant of the Jacobian matrix at these integration points. The number of elements is designated as nel, and npt corresponds to the number of integration points per element. For the case with max ϭ0.0045, the simulation shows a small amount of softening due to dislocation multiplication evolution in the first cycle, after which the hysteresis curve stabilizes. For max ϭ0.015, cyclic hardening is observed in the first two cycles due to evolution of isotropic and kinematic hardening, following which the hysteresis curves stabilize. The predicted stress-strain responses agree well with the experimental results.
Stress Controlled Cyclic Loading.
A stress-controlled tension-tension cyclic load test is simulated with an applied stress in the form of a triangular wave with the following parameters: stress rate ϭϮ226.8 MPa/s, peak stress amplitude max ϭ420.0 MPa, and the R-ratio Rϭ min / max ϭ0.1. However, the P.I.D. controlled MTS servo-hydraulic fatigue machine cannot exactly follow the preset path and the peak stress in the first few cycles because of material transient effects. The corresponding load pattern is also adjusted in the computer simulations to match the experimentally observed variable stress peaks. The simulation is conducted for 10 cycles. There is almost no reverse plastic flow in this case, since the mean stress is positive, As discussed in ͓9͔, the cyclic loading path for the rate dependent material properties result in incremental plastic ratcheting with each cycle. This is shown in Fig. 11 , which shows excellent agreement between simulated and experimental results.
Effects of Grain Orientation Distribution on Plastic
Deformation. To investigate effects of grain orientation distribution on plastic deformation, simulations are conducted with three different grain orientation distributions, viz. ͑a͒ the measured HSLA-50 steel texture of section 3.3, ͑b͒ a preferred ␥-fiber texture as seen in mild steel ͓40͔ and ͑c͒ a random orientation distribution. Simulations are conducted with the strain-controlled cyclic loading condition, mentioned in the experimental Sec. 2.2, with triangular strain waveform and peak strain amplitude of 0.0045. The material parameters used are those for HSLA-50 steel, calibrated in Sec. 4. Figures 12(a,b,c) depict the contour plots of the equivalent plastic strain p at the end of 12 cycles. The figures demonstrate the formation of plastic localization bands at 45 deg to the loading axis, especially for the HSLA-50 steel orientation and the microstructure with random orientations. This observation is consistent with experimental results of ͓41͔, where small cracks nucleate in the surface grains under cyclic tension-compression. The more random orientations results in higher averaged shear stresses at 45 deg to the loading direction. Localized plastic strain occurs in regions where the orientations are ''soft'' or more favorable to plastic slip, i.e. closer to the ͕111͖͗110͘ directions. Large departures from the soft orientations are termed as the ''hard'' orientations. Plastic slip is constrained when a ''soft orientation'' is completely surrounded by ''hard orientations'' in which case the localization band cannot grow. Also, the grains on surface, especially at the edges are free to deform independently and regions of high plastic strains are found to originate at these regions. The preferred ␥-fiber textured model in Fig. 12(b) shows less plastic localization since grains with ͕111͖͗uvw͘ orientations are all favorable to plastic slip and hence there is significantly less localization. The magnitude and location of the maximum plastic strain vary significantly because of crystallographic texture.
The ratio of the maximum local ͑micro͒ equivalent plastic strain micro p and the volume averaged ͑macro͒ equivalent plastic strain macro
is plotted as a function of the cycles in Fig. 13(a) . Under strain-controlled cyclic loading, the average plastic strain is nearly the same for all three orientations. However, the localized plastic strain, which depends on grain orientations, can vary significantly. The local plastic strain is considerably larger for the HSLA-50 steel and the random orientation (ϳ190%), in comparison with the textured model (ϳ160%). Figure 13 (a) shows that the R -ratio is considerably more than 100%, signifying that the local maximum plastic can be much higher than the average strain. The ratio is initially higher and plateaus off at a lower value with increasing averaged strain at higher cycles. In the early stages of loading, the plastic flow concentrates in isolated regions. Subsequently, larger regions yield and extended regions of plastic straining diminish the drop in R leading to a stabilized value. Next, the stress ratio R ϭ micro / macro is plotted in Fig. 13(b) , where micro and macro denote the maximum microscopic normal stress and volume averaged stress in loading direction, respectively. All the stress ratios are observed to be less than 1.0. This is due to the fact that stresses are affected by the local orientations as well as plastic flow. The variation for different textures is less for R than that for R .
Effect of Applied Stress Waveform in Stress-
Controlled Cyclic Tests. The effects of the loading waveform on the ratcheting strains may be significant, as mentioned in Chaboche ͓9͔. This example is conducted to investigate the load waveform effects on evolution of plastic strain and ratcheting. For this purpose, two stress-controlled cyclic loadings in the form of a triangular and a sinusoidal loading as shown in Fig. 14͑a͒ , are used. The sinusoidal loading has a variable stress rate while the triangular loading has a constant stress rate value. Both the loading cases apply the same amplitude or maximum stress of max ϭ380.0 MPa, Rϭ min / max ϭϪ0.7, with a time period T p ϭ27.2 (s). The microstructure and material parameters used are for HSLA-50 steel. Material parameters are the same as those presented in Table 2 , with the following exceptions: s a0 ϭ79.6 (Mpa), h 0 ϭ570.1 (MPa), cϭ1000.0 (MPa), dϭ200.0. A plateau in the stress-strain plot, as discussed in Sec. 3.1 and Eq. ͑5͒ is represented by the parameters in Table 2 . To examine the influence of this plateau on the ratcheting, a stress-strain plot without the plateau is also considered in the simulations. The lack Transactions of the ASME of plateau in the stress-strain response is obtained through setting the Lüder's strain L p to zero in Eq. ͑6͒ and by choosing ␥ * ϭ2.453ϫ10 7 sec Ϫ1 in Eq. ͑5͒. Figure 14 (b) depicts accumulated microscopic and macroscopic equivalent plastic strains accumulated microscopic and macroscopic equivalent plastic strains during the cyclic loading process. The drops in the plastic strain correspond to reverse plastic straining in the compression phase of loading. The local maximum strain levels are considerably larger than the averaged strain levels over the entire history. The plastic strain produced by the sinusoidal waveform is higher than that by the triangular waveform. This effect is magnified in the plots of Figs. 14(c) and (d), where the simulated stress-strain responses in cyclic loading are shown for materials with and without the plateau. The accumulated equivalent plastic strain, signifying ratcheting, is considerably larger in Figs. 14(c) and (d) for the sinusoidal wave with a variable stress-rate than that for the triangular waveform with a constant stress-rate. Even the small difference in the stresses as shown in Fig. 14(a) is sufficient to cause a considerable difference in the plastic strain due to large material creeps. As seen in Fig. 14(c) , the difference is very high for materials like HSLA steels, which have low hardening slopes ͑plateau͒ in the early stages of post-yield deformation. Once above yield, large differences in the strains can occur in the early stages of cyclic deformation even for small differences in the applied stress rates. As demonstrated in Fig. 14(d) without the plateau, the incremental differences decrease with increased hardening.
Effects of Grain Misorientation.
A crystal embedded in a polycrystalline aggregate with varying crystal orientations may experience a complex set of tractions and displacement constraints at its interface with its neighbors. Strain localization and stress variation in a polycrystalline aggregate depend on the orientation of the grain with respect to the loading direction as well as misorientations with its neighbors, and mechanical properties of the grain. A finite element model is created with high-angle grain boundaries to reflect the effects of strong heterogeneity in the crystal structure on the local material response. The model is a 120 mϫ120 mϫ120 m cube that is discretized into 1728 ABAQUS C3D8 elements in a 12ϫ12ϫ12 array, as shown in Fig.   Fig. 14 "a… Stress-controlled load histories with different waveforms; "b… accumulated microscopic and macroscopic equivalent plastic strains; "c… simulated stress-strain response in cyclic loading for material with plateau; and "d… simulated stress-strain response in cyclic loading for material without plateau 15(a). It consists of two regions with distinctly different orientation distributions for mismatch in strength characteristics. Region 1 is a 30 mϫ30 mϫ30 m cube, with 27 elements all of ͕100͖͗110͘ crystallographic orientation that is located at the center. For the outer region 2, selected orientations from the measured ODF data of HSLA-50 steel are assigned to the elements using the orientation assignment method. The general orientation in this region corresponds to ͕111͖͗110͘ and grains which have a higher misorientation angle than 5, deg are discarded from the selection. It is common to describe the misorientation in terms of a rotation axis vector n and an angle . The axis n represents a common crystallographic lattice or slip direction for both crystal lattices.
The angle is the rotation about n required to bring the two crystal lattices into coincidence. Using the axis/angle description, the misorientation angle between two neighboring grains is described in ͓42͔ as
where g A and g B are the orientation matrixes of grain A and B, respectively, expressed as 
The angles 1 , 2 , and ⌽ are the Euler angles in each grain and O is the crystal symmetry operator. Considering that there are 24 identical rotation operations in cubic symmetry, the orientation of each of the two lattices can be described by 24 different symmetrically equivalent rotations. The minimum rotation angle is chosen as the misorientation angle. The average value of misorientation angles for N neighbors of a grain, is given by m ϭ(1/N) ͚ iϭ1 N i . Figure 15(b) shows the misorientation distributions near a middle section A-A.
Simulation of a strain-controlled cyclic loading is conducted with strain amplitude of 0.0045. Figures 16(a,b) show the predicted gradient of equivalent plastic strain and stress variation on the section A-A. In region-2, the ͕111͖͗110͘ orientation with a large Schmid factor favors plastic flow and hence this region is a ''soft phase.'' In contrast, region-1 with ͕100͖͗110͘ orientation is a ''hard phase'' and inhibits large plastic strains. The gradient of equivalent plastic strain
2 is used as a metric to represent the inhomogeneity in deformations that arise from crystal interactions with high angle misorientation grain boundaries.
Large gradients of plastic strain and stress occur along the interfaces between the regions 1 and 2 due to the crystallographic misorientations. When the grains are plastically deformed by slip on specific crystallographic slip systems, the deformations for different orientations are not compatible giving rise to increased stresses and regions of localized straining. Such effects have also been discussed for Ti alloys in ͓15͔. The simulated results in Fig.  16 (c) also indicate that the peak stress 22 in the loading direction increases in the first few cycles but finally saturates after 7 cycles. The microstructural effects of grain boundaries and misorientations on ductile failure modes are critical for fatigue cracking. Dislocation densities, high flow stresses at grain boundaries, geometrical softening, the localized accumulation of plastic strain are interrelated physical mechanisms that results in slip-rate impedance and blockage at the grain boundaries, which have been discussed in ͓15,43,44͔. The slip-rate obstruction leads to slip-rate incompatibility at the grain boundary and buildup of normal tensile stresses that can result in the nucleation of transgranular cracks along the primary planes in each grain. 
Conclusions
The cyclic deformation behavior of metals is of technological importance in the study of fatigue damage. The fatigue process is strongly linked to the microscopic cyclic stress or strain state in a critical region. In an attempt to understand the micromechanical cyclic behavior, the material response of HSLA-50 steel is analyzed in this paper using a rate dependent elastic crystal plasticity model. The paper involves experiments on material characterization and mechanical testing, including OIM, uniaxial tension, and cyclic loading tests for model development and validation. The characteristics of HSLA-50 steel are a predominantly ferrite microstructure with the typical ␣-and ␥-fiber texture, as well as ͕100͖͗110͘ orientations. In monotonic loading, a significant yield plateau and strong rate-dependence of yield stress are observed. In strain-controlled cyclic loading, macroscopic cyclic hardening is not found at lower strain amplitudes. In stress-controlled cyclic loading, the build-up of plastic strains and ratcheting is affected by the form of the cyclic load-wave. A rate-dependent elastoplastic crystalline plasticity constitutive model is developed for simulation of cyclic deformation behavior. This model incorporates self and latent hardening, kinematic hardening, and dislocation multiplication evolution, and is implemented in ABAQUS/ UMAT using an implicit time integration scheme. The genetic algorithm technique is utilized to calibrate the material parameters from experimental data.
The computational model is able to reproduce the experimental stress-strain responses in monotonic tension, strain-controlled, and stress-controlled cyclic loading tests with very good agreement. Simulations reveal that the distribution and magnitude of the microscale plastic strain at the level of individual grains is significantly affected by grain orientation distributions. Straincontrolled cyclic test simulations indicate that HSLA-50 steel exhibits higher strain localization than mild steel. The shape of the cyclic load wave is found to affect local plasticity build-up and cause ratcheting. For the same stress amplitude and frequency, the sinusoidal stress waveform produces more accumulated plastic strain than the triangular waveform due to stress rate influence and creep effects. To understand the effect of polycrystalline aggregates on local stress risers, a model with high-angle grain boundaries is created by assigning large orientation mismatch to neighboring grains. This study is important with respect to local crack initiation at critical locations of the microstructure, when subjected to cyclic loading. The simulations show that heterogeneous deformations arise from crystal interactions, especially for high- angle misorientation grain boundaries, and localizations occur along the interfaces between soft and hard phases. This can serve as a physical motivation for explicit consideration of damage initiation and propagation on the local scale in developing a realistic fatigue model ͓45,46͔.
